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When two mosquitoes meet to mate, each modulates its flight tones such that the female’s 3rd and the male’s 2nd harmonic fre-
quencies are equivalent. We show that this phenomenon is an example of synchronization, which is common in nature. The mos-
quito’s flight tone acts as an external signal, stimulating its partner to adjust the wing beat rhythm to achieve the synchronization 
state. A simplified model, which is based on the frequency ratio difference feedback mechanism, is proposed to describe the har-
monic convergence of mosquitoes. Furthermore, we proposed a method to characterize the energy dissipation in the frequency 
alteration, and the results demonstrate that 3/2 frequency locking is an optimal selection to mosquitoes. When compared with 
other possible ratios, the mosquitoes expend minimum energy if they lock the synchronizing state at a ratio of 3/2. 
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As the disease carrier of malaria, yellow fever and dengue, 
mosquitoes, and their mating mechanics in particular, have 
been popular topics of research. Since Johnston discovered 
mosquito’s hearing organ and speculates that it is related to 
the mating behaviors [1], much insight has been gained into 
the auditory mechanics and their roles in sexual recognition 
[2–4]. Recently, a remarkable behavioral experiment on the 
mating of dengue vector mosquitoes was conducted by Ca-
tor et al. [5]. As two heterosexual mosquitoes enter one an-
other’s hearing range, both of them adjust their wing beat 
frequencies to a harmonic convergence. What is counterin-
tuitive, however, is that the convergence occurs neither at 
the fundamental frequency of the female (430.6 Hz) nor that 
of the male (636.7 Hz), but rather at a tone (1350 Hz) near 
the female’s 3rd harmonic and the male’s 2nd harmonic. 
Nevertheless, the mechanical reason for two mosquitoes 
fixing on the special frequency ratio of 3/2 is still unknown. 
In this work, we consider a simplified model to describe the 
phenomenon of 3/2 harmonic convergence. Based on this 
model, we show that the frequency ratio of 3/2 is an optimal 
selection for mosquitoes. 
The harmonic convergence of mosquitoes observed in 
the experiment can be understood and studied within the 
framework of phase synchronization (frequency locking). 
The synchronization phenomenon, first discovered in a 
simple double pendulum system [6], has been observed in a 
variety of complex living organisms [7–18], such as plant 
leaves, swimming microorganisms and bursting neurons. It 
is generally acknowledged that the interactions of living 
individuals lead to the emergence of synchronization. 
However, in previous studies the living individuals were 
considered as passive coupling oscillations, pursuant to 
given rules for action coherence. The active tuning mecha-
nism, which exists widely in biological systems, has rarely 
been mentioned in previous mathematic descriptions of 
synchronization behaviors. Our model, based on the active 
“frequency difference” feedback mechanism [19], will qual-
itatively describe the harmonic synchronization of two mat-
ing mosquitoes. In this work, we utilize the circle map the-
ory to simulate the evolution of the wing beat frequencies in 
the mating mosquitoes. Circle map describes the motion of 
two coupling oscillations only with two parts: the ratio of 
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natural frequencies and the coupling item. We introduced 
the feedback theory into the coupling item, which lead to 
the frequency locking of mating mosquitoes. Therefore we 
simplify the mosquitoes’ frequency adjustment as control-
ling circle map to a target ratio of frequency locking. The 
results show, for the first time, the role of energy dissipation 
in the frequency selection of the mating mosquitoes. 
Before introducing our model, the “harmonic conver-
gence” experiment of two mating mosquitoes [5] will be 
presented in detail. The objects of study, 21 pairs of Ae-
desaegypti (a type of mosquito), were isolated and tethered 
to the ends of pins. Cator recorded their average natural 
wing beat frequencies to be 636.7 and 430.6 Hz for the male 
and female mosquitoes, respectively. Mosquitoes will not 
change their flight tone without acoustic stimulation. Next, 
the mosquitoes were moved into audible range of their het-
erosexual partners, at which point the acoustic recording 
reveals that both males and females adjusted their flight 
tones so that the females’ 3rd harmonic and the males’ 2nd 
harmonic converged at an average frequency of 1354.5 Hz. 
To verify that the mosquitoes’ auditory organ is able to re-
spond to these high-frequency tones, Cator performed an-
other experiment: instead of the female’s flight tone, a har-
monic combination of electronically generated pure tones 
(800, 1200 Hz but lacking the fundamental frequency 400 
Hz) was played back to male mosquitoes. The results 
demonstrated that the male mosquito will continue to syn-
chronize its 2nd harmonic frequency to the electronically 
generated simulated female’s 3rd harmonic frequency (1200 
Hz). The aforementioned experiment revealed that the 
mosquitoes adjust their flight tone to fix on a specific fre-
quency ratio, rather than a specific frequency. 
1  Model 
To simplify the analysis, in the following discussions, we 
will focus only on the experiment in which the male adjusts 
its 2nd harmonic to synchronize the 3rd harmonic of elec-
tronic tone. The target frequency ratio is determined by the 
natural properties of mosquitoes at the very beginning of 
mating [4,19], and the inner causes are still unknown. 
However, the latest physiological experiment [19] shows 
that the mating mosquitoes are especially sensitive to the 
low frequencies, and they keep tracking and eliminating the 
low harmonic frequency difference between the frequency 
pairs. We call it the “active frequency difference feedback 
mechanism”. In Figure 1, the male uses its sense of hearing, 
which has been demonstrated to have nanometer-range sen-
sitivity [20], to identify the distinction between the 2nd 
harmonic of its wing beat frequency and the 3rd harmonic 
of the electronic tone stack; then under the internal adjust-
ments, continuous feedback is applied to the flight frequen-
cy so that it would reach the target frequency [4,19]. Here, 
we characterize the period motion of the male mosquito by  
 
Figure 1  The male mosquito synchronizes its harmonic frequency to the 
electronic tone. 
the phase θ(t), and thus the instantaneous frequency f(t) can 
be represented by the change rate of θ(t) (note: θ(t) grows 
monotonously along the time vector and gains 1 after each 
wing beat period). In our model, we use an equal criterion, 
the difference ∆ρ(t) between the instantaneous frequency 
ratio ρ(t) and the target frequency ratio ρtarget, to detect the 
synchronization state. Based on this “active frequency ratio 
difference feedback mechanism”, a linear integral feedback 
item is designed and combined into the mathematical model 
of the evolving of wing beat phase θ(t). If the frequency 
ratio difference ∆ρ(t), ∆ρ(t)=ρ(t)ρtarget, is not equal to zero, 
continuous adjustment will feed back to the wing beat phase 
θ(t) to ensure that the male will reach the synchronization 
state. 
The evolution of phase θ(t) is modeled as a feedback 
phase oscillation, which evolves with its natural frequency 
f1 and modulates itself according to the feedback component 
Q(θ,t): 
 1
d ( , ).
d
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 (1) 
Q(θ,t) is defined as the function of the instantaneous fre-
quency ratio ρ(t) between the male mosquito and the elec-
tronic tone:  
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A stroboscopic mapping is used on eqs. (1) and (2) with the 
time interval T=1/f2, which gives the evolving of θ(t) in the 
form of circle map [21–23]: 
 ( 1) ( ) ( ),   n n F n  (3) 
where Ω=f1/f2, denotes the natural frequency ratio of male 
and electrical tone. Here, we use ρ(tn) to denote the discre-
tized instantaneous frequency ratio ρ(t), tn=t0+nT. ρ(tn) is 
approximately represented by the average frequency ratio 
among [t0+nTmT, t0+nT] in eq. (1): 
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When 0, ( ) ( )  nT t nT . The instantaneous frequen-
cy ratio ρ(n) in circle map is 
 
( ) ( )( ) .    n n mn
m
 (5) 
The feedback component F(n) is designed as the sum of 
frequency ratio differences ∆ρ(i) with different proportional 
constants ki, i=1, 2,…n:  
 target( ) ( ( ) ). 

  n i
i m
F n k n  (6) 
We set m=1 to minimize the deviation in frequency ratio 
ρ(n). Let k1=k2=…=kn=k, which gives a simplified form of 
feedback item F(n): 
 target( ) ( ( ) ).   F n k n n  (7) 
Combining eqs. (6) and (7), we have 
 target( 1) (1 ) ( ) .     n k n nk  (8) 
Here, θ(n) depends on three parameters: the gain k, the nat-
ural frequency ratio Ω, and the target ratio ρtarget. k and Ω are 
prescribed values, while the selection of k determines the 
convergence rate and the stability of system (8) [24]. The 
closed-loop system matrix of system (6) is represented by 
I=1k and the corresponding characteristic polynomial ∆s= 
s1+k. System (6) is considered to be asymptotic stable if 
and only if |s|<1. Therefore we have the asymptotic stability 
region of k: k(0,2). 
Our purpose is to describe the harmonic convergence of 
male mosquito and electrical tone; here the male’s instanta-
neous frequency can be represented as f(n)=f2ρ(n). A nu-
merical simulation of our theory is shown in Figure 2(a) and 
(b); the male’s 2nd harmonic frequency gradually ap-
proaches the simulated 3rd harmonic frequency of a female, 
which coincides with the results of the corresponding ex-
periment data shown in Figure 2(c). We set the parameter 
ρtarget = 3/2, k=0.5104. Because T=1/f2 is utilized as the 
time interval of stroboscopic mapping, f2=400 Hz, so every 
400 iterations equals to one second. 
2  Energy dissipation 
Why, then, do the male mosquitoes not lock at other fre-
quency ratios, such as the ratio 2/1, representing the case in 
which the male must synchronize its fundamental frequency 
to the simulated female’s 2nd harmonic. Here we will 
demonstrate that the frequency locking ratio ρtarget = 3/2 is 
optimal for the mating mosquitoes. Cator also performed a 
physiological experiment regarding the mosquitoes’ audi-
tory organ, the result of which demonstrated that probe tone 
2000 Hz is the peak value to be responded. This frequency, 
2000 Hz, falls between the 4th and 5th harmonic of females,  
 
Figure 2  (a) The evolution of the male’s wing beat frequency as predict-
ed by our theory; (b) an expand view of (a); (c) the corresponding observed 
data in Cator’s experimental [5]. 
so we let 4 be the maximum numerator of the target fre-
quency ratio. Now considering all possible target frequency 
locking ratios of male and electrical tone: 4/1, 3/1, 2/1, 3/2 
and 4/3 (note: the ratio 1/1 is removed because the funda-
mental frequency of the female is absent in the experiment). 
Then for each ratio, we calculated the transition time from 
the nature state to the synchronization state with different 
values of the control gain k. Here, the male and electrical 
tone are considered to be synchronized when ∆ρ(n)≤102. 
In Figure 3, the male can realize the fastest convergence 
when selecting 3/2 as the target frequency ratio. The selec-
tion of gain k can influence the convergence rate when fix-
ing to a specific ratio, but for different target ratios, it will 
not alter the ranking of synchronization transition time. 
From the nature frequency to the target frequency, the male 
mosquito adjusts its wing beat frequency to reach the target 
ratio of frequency locking. For both sexes of mosquitoes, 
we suppose that the natural frequency corresponds to a sta-
ble state in which the mosquitoes exhaust the minimum 
energy, and any frequency alteration from the stable state 
will evoke extra energy dissipation [25–27]. We scale this 
energy dissipation by the feedback item F(n): 
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2
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where η is a parameter to characterize the relation between  
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Figure 3  The transition time that from natural frequency to the synchro-
nization state when different target frequency ratio ρtarget and control gain k 
is tested. 
feedback and the real energy dissipation E(n) is the function 
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Here, when n→ and k(0,2), we have 2
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k k . Let θ(1)=0, so  
 target target( ) ( ) .    n n k  (12) 
Combining eqs. (7) and (12), we have 
 target( ) . F n  (13) 
And the energy dissipation when n→ 
 2target
1( ) ( ) .
2
  E n  (14) 
Above all when , (0, 2) n k , the energy dissipa-
tion E is independent of the parameter k. It can be easily 
deduced that when target 0   , E=0, which coincides 
with our suppose that mosquitoes exhaust no extra energy 
when they are in natural state. If the male mosquito dissi-
pates per joule energy in N times wing beat, we have the 








The energy dissipations for different target ratios are ex-
plicitly shown in Figure 4; among all the possible ratios, 3/2 
frequency locking is optimal. Based on the synchronization 
behavior of mosquito, we divide the energy dissipation E 
into two parts: the energy dissipation in transition state E1 
and the energy dissipation in the frequency locking state E2. 
E1 and E2 are divided by the transition iterations number P, 








E E i    (16) 
And E2 is defined as the energy dissipation during 1 s, 
which equals to 400 (f2=400 Hz) iterations in the circle map: 
 
400





E E i q p  (17) 
Because system (8) has converged to the stable state when 
n>p, we have the approximation: E(n)=E(), n>p. Thus E2 
can be simplified as 
 22 target200 ( ) .  E  (18) 
The value of η is difficult to be estimated because the 
absence of corresponding physiological experiment. How-
ever, η is a constant value, for each target ratio ρtarget, we can 
calculate the relative energy dissipations, E1/η, E2/η with 
various values of k. The result is exhibited in Figure 5; E1 
and E2 were both minimized at the ratio of 3/2 (the bottom 
line). Beside the case of 3/2, the ratio 4/3 frequency locking 
(the line marked with triangle) expends the minimum ener-
gy, while ratio 4/1 is the one which cost the most. As we  
 
 
Figure 4  The relative energy spectrum for different target ratios in the 
stable state. 
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Figure 5  The relative energy dissipation E1/η and E2/η for different se-
lections of ρtarget and k. Note: the first three iterations are removed to reduce 
the deviation brought by the approximate assumption. 
predict in eq. (14), for different values of k in E2, the results 
are almost identical. Thus it can be concluded that the mos-
quitoes choose a frequency ratio that corresponds to the 
minimum control energy and fastest convergence, which 
coincides with the economic principle of nature. 
3  Conclusions and discussion 
We have thus established an active frequency ratio differ-
ence feedback based model, which is completely consistent 
with the experimental evidences. Our theory basis that the 
negative feedback of frequency difference discrimination 
leads to the frequency matching of mating mosquitoes, has 
long been conjectured but proved until very recently [19]. 
The researches regarding Anopheles gambiae demonstrated 
that Johnston’s organ can detect a low frequency that 
matches the frequency difference of two combined flight 
tones, even when the flight tone is beyond the mosquitoes’ 
hearing ranges. This difference-identifying behavior pro-
vides continuous feedback that allows the mosquitoes to 
adjust their flying frequencies to minimize the frequency 
difference. And A. aegypti, the object of our research, may 
have the similar mechanisms of low-frequency generation 
and frequency-difference detection. Even if mosquitoes 
could accomplish the harmonic matching through acoustic 
interactions, the hypothesis that mosquitoes can hear the 
high harmonics remains unproven. 
Although Cator emphasized that the fundamental fre-
quency is not necessary for the mating behavior of mosqui-
toes, the fundamental frequency locking theory we propose 
in this paper still works because the fundamental frequency 
is only used as a variable in the harmonic investigation. It 
should be noted that the 3:2 frequency locking is not a gen-
eral principle for different species of mosquitoes. For in-
stance, two mating Toxorhynchites Brevipalpis fixed their 
wing beat frequency on 1:1 [4]. Moreover, the literature 
shows that the mixed pair of mosquitoes will not stabilize 
their fundamental frequencies at a fixed ratio, but this ex-
periment only test two different species [19]. For mating 
pairs, the most advantageous frequency ratio for locking is 
chosen. The frequency differences between two stacks of 
harmonics, however, are numerous. How might mosquitoes 
select the correct frequency difference to eliminate? One 
persuasive explanation is that the active tuning of mosqui-
toes auditory organ plays a crucial role in frequency identi-
fication. The activity of the Johnston’s organ has been stud-
ied in [28,29], but how it participate in frequency selection 
mechanism is still puzzling. As observed in this experiment, 
a male mosquito can synchronize its flight tone to an elec-
tronically generated pure tone that is very different from the 
component of a female’s flight tone. How might the accu-
rate harmonic synchronization behavior be organized by the 
mosquito? We conjecture that a spontaneous feedback-  
adjustment mechanism exists that is independent of con-
sciousness in the mating mosquito. From the auditory neu-
rons to muscle neurons, the acoustic information is con-
ducted as electronically generated signals and is finally used 
to control wing-beating activity. 
To summarize, we interpreted the harmonic convergence 
of mating mosquitoes as the frequency locking of active 
feedback systems. The harmonic convergence process of 
mosquitoes has not been considered as a physical model 
before. Based on the negative frequency ratio difference 
feedback mechanism, which has been demonstrated in a 
physiological experiment, we utilized a simplified model to 
qualitatively describe the harmonic convergence phenome-
non. This model successfully described the convergence 
time and the synchronization orbit of the mating mosquitoes. 
Furthermore, we demonstrated that the convergence fre-
quency ratio of 3/2 is not an arbitrary value; rather, it cor-
responds to minimum energy dissipation during the modu-
lation of wing-beat frequency. The frequency ratio selection 
mechanism, including the active nonlinear amplification in 
hearing organ and the cooperation between auditory mecha-
nism and wing beat control, would be interesting topics for 
further experimental studies. 
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